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STUDY OF PHASE TRANSITIONS IN PEROVSKITE~TYPE CRYSTALS

The discovery of_fhe ferroelectric activity of BaTiOB(l) has attracted
manyfreseérchers to further studles of relatad percvskite-type crystals with
molecuiar formﬁla ABOB{ The perovskite-type crystals which have shown ferro-
éieétric'éctivity can be divided into at'ieast_ihree”classes: one is A*25*493,
such,as_BaTiOB; thelsecpndfis A+1B+503; such as;KNbOB; and the third is
A+1A+3B2*466, such as KLa(TiO3)2; Other perovskite-tvpe mgterials have also
éeenrexémined elseﬁhére, bﬁt_their”characteristics are not considersd here
beCaﬁsevwe heve had no experience with them.

In the first group we have been studying the properties of PbedB’
and have found that this cfystal ig an antiferrcelectric of theksame type as
PbZr03. In the second grcup.we haye been Intereated in the NéNbOB-KNbOB
system, which shows very peculiar properties, and is discussed in some detail

beloWe



A. PHASE TRANSITIONS IN PbHFO,

I. INTRODUCTION.

Recent studies of PbTiO3(2yland Pb3503(39 have revealed interesting
dielectric. propertles pﬁd relations of heﬂe to thevcr#qtal struetures of’
these perovskite-like comnounds. PbTiOq,lS & ferroeisctric with a~Curie p01nt
of J90°Cy and this is very 51milar o %He"wach~stud1ea:bu219lpe;ﬁ%~é*gﬁaT 104
atvIQGQ The ‘erystal structure\A) of P -03 18 distorned to a tetraﬂonal'
~Tattice. below 1ts Ourle point, and with ¢/a=1.06 a% rc ﬂ.tnmperature;:lt iSyé%
épurseucpbig apoye its uuraei901pt, The dielectric. pronertles of Pb ZrQ5, ‘on
f:hev*‘%’ei‘—haﬁ » have shown ‘that this erystal isimot ferr é'e:tef;r_-:*ﬁx‘i ic but rather
gntiggtroelectr}é;uith,g‘Curie.pﬁint'at'23Q°C,;ndtwiphstanding the close.
‘resemblance of the pe mittivity VS« tempers ture curve of this crystal tc these

of BaTi0; and PbTi03." The crystainstructure(4)gof PbZrO3 1s distorted to a
vetragonal. QPll, ‘but the axlal ratio c/a is 1pu5 ‘than unity (O 99‘ - in
contrast with BaTiQ3 and<PbT103 in-yhlch ¢/a is bigger thar unlty. L &
| No satisfactory explanation has been given of the reason why such
an essential différence‘in dielectris and étruéturpl prcperties can bs
-Susé-ysd;;n ﬁhééé very closelv related percvsklbe crystalse Although thare
is no dovbt that the large polarizability of the Pb ion in both compounds
contr*butss tc th@se peculiar phenomena, the essential difference in these
cunhhﬁnds is the dlfferences-%n io 49 rad;i enn\bolarizab1¢1t1°s of B ions
in the'ﬁBOB crystals which have Fb as the common A ion. This fact suggests
trat the further study o lead compaunds with different B ions, such as
PbeOB and PbThOB may give more informatlon about this ;nterestinp nhencmenon.

The Hf ion has a rather close 1onic radius to ér and, at the same time, a



3.

different (probably 1arger) potarizsbility. Up to now, however, few studies -
were carried out on hafnium ccmpounds because of difficulty of obtaxnxnc pure
hafnium. Wé have carried out a dielectric and structural study of PbeOB,
and observe that this crystal shows antiferroelectric behavior of the same

type as PbZrOB.

II. SPECIMEN PREPARATION.

Ceramic PbHfO3 was prepared from PbCO3 and HfO,. Equimolar propor-
tions £ these ingredients were mixed well and fired at about 12009C-after
preliminary firing 2t about 1000°C. The specimen was pressed into & pellet
with-a pressure of about 108~gm/bm2. The fired specimen is a hard ceramic
with g ysllowish colors

The first difficulty in obtaining good PbHfO; arises from the
difficulty. of obtaining pure HfO,. ~One gram of Hf0, was §upplied by Fairmount
Chemical Co., which company claimed a purity of 99.5% HfO,, with 0.3% 2r0,
and 0.2% Ti0s. Roush estimation by-spectfdgraphic examination, c¢arried out
by Dr. R. Hayes of the Pennsylvania Staté College, indicating the exis§?nce
of Zr in an amount from 0.03% to 0.3%. A second and rather unexpected
difficulty is the very severe evaporation of PbOrfrom the specimen during the
course of firing., A similar difficuity was encountered in the case cof PbTiOB,
and also.(mcre pronounced) in “he case of PbZr05. But in PbHFO; the evapora-
tion is so severe that the color of the surface of the sintered specimen
changes to white and the powder photograph of theisurface material shows some
weak diffraction lines due to HfOz. Though the small supply of Hf’O2 did not
allow us to develop a satisfactory method for preventina the evaporation,

uhe following procedure was helpful in obtaining a rather good specimen. A



few percent, of PbO was added in excess of equimolar prcportion, «nd firing was
carried out rather quickly in s Pt crucible with a cover to retard the evapora-
tion of PbO. The white surface o;::pecimen was rewoved by polishirg, and the
unifornm yellow interior part was used fcr Lie dielectric and structural studies.

No chemical analysis was carried out of the f£innl specimen, 2nd this should

ultimately be done.

ITI. CRYSTAL STRUCTURE AT ROOM TEMPERATURE.

Powder photograpns of PbeOB were taken with a Norelco powder camera
(11.4 cm. diameter), using Cu Ka radiation. Diffraction lines clearly show
a distorted perovskite structure, and all muitiplets can he well explained by
assuming a tetragonal cell with ¢/a< 1. The lattice constant and axial ratio
calculated from (510), (431) and (422) lines are shown below, together with

data for PbTiO3 and PbZrOB.

Table 1
Crystal a-axis c/a unit cell volume
PBT10, 3.905 1.063 63.30
PbZr0y 4e159 0.988 71.06
PbHfO4 4e136 0.991 70,06

(0=1.5.058 wa

[&]

uged as the Cu Kal wave lengthe The values for
PbZr0; and PBT10, were recalculated from Megaw's(4) data with

this wave length.)

It is to be ncted here that the ¢/a ratio for PLHO3 1s less than
unity, as in PbZrOB. Moreover, some extra lines can be observed in the PbeOB

powder vhotograph besides the main lines due to a perovskite structure. Careful
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2an expect autiferroelsctric prcpex_‘_‘ian o LERbraESe e o o Ly am
is no doubt above the parselec Jricﬂtz oY we 2150, T
regponge of the intermediate phasg,ge 63 wined The pousoro ey o
f1ald reolation under anl seCe ampli?nﬁe & 1L hiriim, ; de rown im Fige i
the P<E rélation is almost lirear ‘1 mli “hisa vnief, Lpeaon »-
upward ecurvatura just helow the Qurie pofite Xﬁ'i‘;rrea-eﬁ{riﬁ Ny atereely Loups
Wers cbsemd even just deiow the Curle r inte .

' lI:

Fron this we oan ccnclu“eg AE g

at room tempersture, that the lowest phase below
hase g o-ssrved N T a=3 R 38 2 3
Phmse g otserved in Pb2r03 {ohase AL} .a=nd thu: th . tntermediste phage ls

anoiher antiferrceiectric phese (AII) whici must di };=r Eoiim R sab AL Tk nadise

constant zteys the Curie-Weiss law £ = 1/(“-T0), with § B 195 T, = (1670,

P v
il

thi: Curle consiant is vary cloes to those of BTl aul:

V.  STRUCTURAL CHANGE. sRCUND THE PHASE TRAN:IIY Od

As shown in Fige 3, *he dielectrie :onst - wae. Léuper L s

shows two ancmalies, indicating two uhqqe nhnn~ea - Now. Lhe lrver agting prot!
K Ol i3
is the zrystal strusturs of PbeﬁB in the iInisrmsc stz nk 1 be. Jeen Fhoge: Lo
it WX WL

phass shanges at 150°C and 210°C. To check this irt. = =erles of ﬁ‘,ﬂﬂw»
photographs at varicus tempesratures wers taks: bty using “he uricasm (1% . e )
high-temperature Xeray powder camerae
Beiow 160°C the diffraction patternt sr= cuceriially the same ac Sl
m tempersture, ¢xsept tqat the e/a ratic tend: 4o zwd wity and. 2t tha

same tima, the intensity cf extra 1ines dacreass: qr.ivuily =a 1600 i=
,
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spproached from bslow, Above 210°C the photographs show a cubiec rarovsiite
lattice without any superstructure lines.

The diffracticn patterns at the temperature regicn in the Intermadiate
phase 1s very close to e cubic pattern, and we can observe multiplets cnly in =
few high-angle lines. In such & case it is rather difficult ‘o determine the
structure by using powder rhotcgraphs cnly, end we tried to explein tinese multi-
plets only in & few highe-asngle lines, by assuming simple possible cases such
as tetragonal ¢/aZ 1, orthorhomtic and rhonbohedrsl, We found thet the multi-
rlets cen be well expleined if we assume u tetragenal lattice with ¢/a < 1, The
ilattice parameters snd ¢/a calcul=ted Zrox (510), {(431) and (422) lines sre
shown in Fig, 5 and Fig. o.

The dielectric test siicwed that the dielectric properties of this
middie phase may be antiferroeleciric, CJareful examination cf powder photo=
grephs reveals a I'ew rether weak tut definite superstructure lines, which ere
zirfzrent from those found at room temperature both in spacing and in relative
intensity.

The above results show that the change et 160°C is a phase trans—
formation from tetragonal to another tetragonal phese, with a discontinuity
in the axial ratic c/a. This seems rether sirenge. However, we must notice
here tnat the powder pattern at room temperature indicates a tetragonal lattice
with ¢/a< 1; but the structural study of a singie crystal of PbZrO3 showed,
as s~en in Fig. 1, that the true symmeiry of the crystal is not tetrsgonal tut
srinorhembic, We can conclude that the phase transition at 160°C is a prase

chulge from orthorhombic chase to a tetregonal phase, ceaused by some rearrange-
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ment of the antiparallel dispi:cement ol icry. The detalled st;ay of the
crystal structurs of the inter:iediate phase must await u_;;ﬂéi; crystal study.

Summar izing, the phaie changes in Pbe03 are s:owvn in schematical form
as follows:

Antiferroslectric 1 Antiferroelectric II Paralectric

Orthorhcnbic Tetragonal Cubic
(pmeudo-tet ~agonal)

YI. DISCUSSION.

The fcregoing exper:mental results has shown that PbeO3 is anti-
ferroelectric with a Curie po'nt of 210°C. The interesting and rather un-
eypected resulte of these obsirvations are: firstly, the Curie point of
PbeO3 is very :lose to that >f PbZr03, notwithstsnding the difference in the
iQn‘c radii and peclarizabilities of these crystalsy and, secondly, the ex-
istence of the antiferroelect': intermedlate phase between the lowest and
paralectric phases. At present iL io /'fficiit to rxple’n these £-ztay vt
the following consideration may be helpful.

The recent studies of PbZr03(3) and solid solutions(é) derived from
PbZr04 by replacing Pb or Zr lons by other suitable ions show the rather
peculiar phase dlagrams as shown in Figs. 7 and 8. 1In the cases of Pb(Zr-Ti)O3
and (Pb-Ba)ZrOB. the rhombohedral ferroelectric intermediate phase was observed,
and, on the other hand, in the case of (Pb-Sr)Zr03, the tetragonal antiferro-
electric intermediate phase was found. A comparison of superstrugture lines
in the intermediate phases of (Pb-Sr)ZrO3 and Pbe03 ghowed that the both
compounds have essentially the same superstructurej consequently they are

probably the same phase.
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Proper explanations cof these many‘experimentel results ars not yat
possible, However, if we sssume that the small Ionic radius and large polar-~
izability of Hf ion compsred with those of PhZrO, have slmost compensated
each other, we can pessibly explain -- or at least expect -~ the small change
of the Curie:pcint from PbZrO3 tc PbeOB’ and the existence of the intermediste

rhase In PbeOB.

B. STUDY OF NaNb04-KNbQ, SYSTEM

I.__INTRODUCTION.

The rerroglectric phase transitions in perovskite niobates were

studied by Matthias-and:Remeika(?) and'bthood(s), with the following results:
7 KnbOys  orthorhombhic _220°C teﬁraggnal 430°C_ cubic.

Nalb0y: orthorhombic 3709 betrmgonil SZAUO0  subles
Concerning KﬁbOB, a recent.study(g) in our laboratory has revealed the existence
of a phase change at =20°C, showing the existence of a lower rhombohedral phase
which gives this cfystal the complete similérity to the phage changes in BaTiCB.

On the other hand, the situstion with NaNb03 is rather confusing.
Firet, structural study of this crystal at room temperature by Vousden(lo)
tructure which réjects, in sny case, fhe exigtence of
ferroelactiricity in this crystal. Second, the optical and X-ray studies by
Wood has suggested aﬁother higher phase change around 640°C, in addition to
two phase transitions at 370°C and 480°G§ gnd an optlsal study by Vousden led

that investigator to report two phase changes at 300°C and 600°C.

These two questions: whether NaNbOB is really ferroslectric or not,

and what transitions really exist in NaNbOB at.high temperatures, suggusted



the need for a further study of NaNbOB end its aclid solutions with KNbOB.

II. DIELECTRIC PROPERTIES.

The specimen used for the following exveriments were prepared fror
K2CCyy NayCO3 and Nby0se These ingredilents were mixed in desired proportions
end fired at various temperature, which varied from 120C°C for pure NaNtOj
to 1000°C for pure KNblj after preliminary calcination. It is rather difficult
to ;btain hard ceramics, especlally towe~d the pure KNbOB csidey dbut applying
a large pressure to the pellet and adjusting the firing temperature to just
telow the melting point, we could obtaln good ceramics which are hard enough
for dlelectric tests. Silver paste was applied tc both surfaces as electrodes.

Dielectric constant vs. temperature curves were measured at 10 kc/sec
and 10 v/cm. Some of the results are shown in Fige 9 to 11. 1In NaNbO3 we
observed only one anomaly at 370°C, in contrast with the two phase changes at
370°C and 480°C previously reported by Matthias and Remeika. When we replace
small amount of Na in NaNb03 by K, we observe two anomalles as shown in Fig. 9
for (K5-Na95)Nh03. With incressing K concentrsticn, thege two anomalles were
ctserved always around 200°C and 400°C. The dielectric constant of pure KNbOB
shows twc anomalies at 32000 and LBOOC, in good agreement with the previous
data of Matthlas and Remeika.

From these measurements, tus phese diagram of (K-Na)NbO3 was obtained
as shown in Fig. 12. To study the ferrocelectricity of each phace shown in
this dilegram, we examined the hysteresis loops of a number of solid sclutions,
and some of tine resulta are shown in Fige. 13. Above the highest phase 1line,
as expected, the P-E relation i: always linear. In the intermediate phase

vwe cen get good hysteresis lcop even in the specimen near the pure NaNb0O; side.
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In the lowest phase, we can gat ferroelectric hysteresis loors, except for

a region very close to pure NaNhOB; but, comparing the loecps of the zame
epeaimen at the Intermediste phase, the ccercive force is larger and ths cpon-
taneous polarization is smeller. As shown in Fig. 13, the hysteresis loop at
the lowest phase hecomes more and more ambigucus a3 we approach pure NaNbO3,
although the solid solution such ns (ﬁlo-NﬁDO)NbOB and (55—N595)Nb03 show good
loops in the intermediate phazes No hysteresis loops were observed in pure
NaNbOB. From these results we can conclude the paraelectric character of the
highest phzse; ferroelectricity in the middle phase, and elso ferroelsciricit;

in the lowest phase except for pure NalNbOs.

IIT, STRUCTURAL STUDY.

Before discussion of this phase diszgram of the (Na-K)NbOB syatem, we
mist examine the importent point whether this (K-Na)NbOB system is really form-
ing a soiid solution, because the difference of ionic radii of K and Na is

large enough to give us this doubt.

(4) Crystal Structures at Room Temperature.

The ecrystal structures of KNbO3 and NaNb03 at room temperature were
studies by Wood(8) and by Vousden(11). Both orystals show the sams type of
orthoriiompic distortion from cuble perovskite, but NaNbOB differs from KN‘oO3
in one importent point, namely., the patterns show "extra lines" which requires
the assumpticn of some kind of superstructures This superstructure was studied

(10?, who reported the non-polar structure of this crystal, and drew

by Vousden
some strange conclusions from thise
A series of powder photogravhs were taken with the various composi-

tions covering the whole range of the {(K-NajNbO, systems It is rather difficuit
P4



tc get clearly reaclved photogravhs eapecially on the NaNb03 sides Tuiz {12
rreaumably due tc the larga differenco ~f lonic radll «f K and Na, which
inevitably causes a lerse internsl straine Espacially on the NeN‘oO3 sics
the replacemant of the small Na I1on with the lerga K ion may cause more strain
than in the opposite case nea:s KNbOje

From the compariscn of the phetogrsphs of whole soiid solutlon rangs,
ve can reach following conclusions:
(1) The lattice constant deoreases gradually from KNbOy to NaNhOs3, and no evi-
dence was observad Zcr the exisience of a mixed phases
(2) Powder photographs of sclid soluticns ranging fronm KNb0;3 to (K,s50-Na,s0)Nb03
shew gharp lines, and 2asentlally the same characteristics as pure KIt05.
(3) From pure NaNb03 to (K.ls-Ne.gs)NhOB, the Aiffractiecn pstterns are essen-
tilally the same as purs NaNbOB; {.6., they show the same type of extra lines.
() In the intermediate regicn between (K,AQ“N”.éq)Nboj to (K.BO-Na.zo)NbOB
the diffraction lines are rather diffuse, and it seems that the border-line
between the two orthorhombic ghases exists in this regions But the lattice

oonctants show gradual ohanges even in this regilcne

(B) Lsttioe Change around tre Transitioas.

To examine the orystal structures or tne intermedinte -.aze and
highest phase in the dlagram shown ir Fige 12. wa =iujled the isipersturs
dependence of orystal structure of KNb03, (K.lo-Na.go)Nb03, and NaNbOB. The
Unican 19 cme higl: temperature powder camera was used with Cu Kg radiatione

The arystal structures of KNbO3 at high tomperctures were already
studied by Wcod, ana our re-examination shows complete ggrscment ulith the

’
orevious data, givirg the tetragonal stru:iurs with 2/s »1 betwesn 220°C and



430°C, and the cubic structure stave 430°C.

(K,10-Na,g0)¥03 shows the seme lnttlce type st room temperature
as NaNb034 and it changes to tetragonal lattice with ¢/a > 1 at the phase
trensition of 240°C, and extra lines seem to disappear at the same tiree This
tetragonal structure, therefore, is the same lrttice type as in the intermediate
phase of KNbO3. The structure is cublc above 400°C,

The study of pure NaNbOB shows that this crystal is orthorhombic
btelowv 370°C, and the diffraction patterns taken abcve this temperature, e.g.
40C°C, clearly show the lines of cubic peravskite. From this we can expect no
more prhass change at higher temperatures.

These results give the structural support for the phase diagram shcwn

in Fig. 12.

IV. SPECIFIC HEAT MEASUREMENTS.

Specific heat vs temperature curves of KNbO, (K.lO‘Na.9O)NbO3 and
NaNbO3 were measured by using an adiabatic calorimeter of Nagasaki-Takagi
type(lz), wnich 13 an improvement of Sykes' calorimeter. Detail of the con-
struction of this calorimeter was described in a preceding report(13).

The specimun 1s a powdwered ceramic prepered by the same method us
the specimen for the dielectric and structural measurements. About 15 gnms
of material was placed in the Pt vessel, and heated at a rate cf about 1°C/min.
The heat content of the empty calorimeter was callbrated by using £10; as =
standard subpgtance. The results are shown in Fig. 14 -16,

From these curves we can easily see that NaNbO3 and (X.IO-Na.QO)NbO3
show rather smali anomalies compared witl the relatively large anomalies ‘n

KNbOB. By assvning a broken line shown in the figures as a normsl gpecific
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2est curve, we can obtein the integrated trensiticn energies as follows:

lower thase change unper phasz change
KNbO, 85 cal/mole 190 cal/mole
(K.10-Na,g0) Nb05 20 cal/mole £C  cal/mole
NaMb0, emeeoeeeeee- 50 cal/mole
ISCUSSION

Summarizing the above resuits, we can resach following conclusionss
(1) NaNbC; shows only one phase transition at 370°C, accompanied by a structural
chenge from orthorhombic to cubic.

(2) When a small amount of Ne is replaced by K, tne ferrcelectric intermediate
phese can be observeds This phase shows a tetragonal lattice with o/a)1l, =nid
it 13 the ssne phase as ‘ne intermeciate vhasge of KNb03.

(3) Concerning ihe ferroelectricity of pure NaNb03, though the phage diagram
sugzests ferroelectricity in this ecrystal, but the sbsence of detectable
hysteresis loops gives us strong doubt. This problem is still open to question,
and must await the further study.

We must add here the following results, obtained very recently, after
completion of the study of (K-Na)Nb03 system using ceramic specimen. Single
orystals of NaNbOB were prepared by the method used by Matthias and Remeikas
namely, a mixture of NaNbO;, Nb,05 and NaF was slowly cooled from 1500°C. Some
of these single orystals show Lhie dielectric anomalies at 370°C aud 480°C in
agreement with previous data and in contras® with cur data on the ceramics,

Hewever, this phase change at 480°C may be explained by the small impurity

contained in the crys ‘i: because the phase dlagram shown in Fige 12 suggests




1.

changes Up to now, no hvsteresis loops were observed in NaNbO3 single orystals.

Further study of single orystals are now under WaYe

‘-
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